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The zone-center optical phonons of layer materials GaSe, GaTe, and their solid solutions are studied by
means of Raman scattering. Most of the structure in the hitherto unstudied spectrum of GaTe is identified by
following their evolution in the solid solutions and relating them to already known bands in GaSe. Increased
layer-layer interaction, as solutions become richer in Te, allow the observation of Davydov splittings. Detailed
study of the spectra of GaSe, „Te„reveal an abrupt phase transition from hexagonal to monoclinic structures
in the composition range 0.26 & x & 0.60. Both one- and two-mode behaviors are observed in the phonon
bands of the solid solutions.
I. INTRODUCTION
GaSe and GaTe are known to be layer crystals,
i.e., they are made up of weakly interact. ing two-
dimensional sheets, each of which is four atoms
thick, which, when stacked in a variety of ways,
give the full three-dimensional structure. In GaSe
the layers have D» symmetry and three distinct
stacking sequences have been described in the lit-
erature as P, ~, and y modifications. " Early
x-ray' and Raman and infrared work' seemed to
indicate that Bridgman-grown crystals had P stack-
ing. More recently, "the existence of the P modi-
fication has been questioned. It now seems well
established by both x-ray ' and Raman and infra-
red studies' ' that crystals grown by the Bridgman
method have the c-type structure with a variable
amount of stacking faults. In this modification the
space group is D,'„(P6m2) with two layers, each
containing four atoms, per unit cell. The forces
between layers are known to be weak by compari-
son with the intralayer forces. Hence, interlayer
coupling will have a small effect upon the vibra-
tional frequencies of the lattice. Since the primi-
tive cell contains two layers, the normal modes
occur in pairs with both layers vibrating in or out
of phase. These are called conjugate modes, and
both should appear in the Raman spectrum of GaSe.
These modes should be split (Davydov splitting)
by the interlayer forces. Evidence for this splitting
was only recently reported by Polian et aL' GaTe
is also a layered compound sharing some of the
characteristics described above. Its crystal struc-
ture is monoclinic" "with space group C', (P2,).
The proposed unit cell"' contains two layers,
each with three formula units. Hence, conjugate
modes should appear also in GaTe, and since the
layers are closer together than in GaSe," there
is a better chance of observing Davydov splittings
here. To our knowledge no Raman or infrared
study has been made of the zone-center phonons in
GaTe. We present here a study of the Raman spec-
trum of GaSe, GaTe, and GaSe, „Te, in the full
composition range. By studying the GaSe-GaTe
solid solutions we are able to make assignments
of the Ga Te (yet unknown) phonon branches and to
evaluate the splittings observed in the latter. A
study of the GaSe, ,Te, spectrum also provides in-
formation on the behavior of normal modes in mixed
crystals. We propose the existence of an abrupt
phase transition from the D,', to the C', structure
in the composition range 0.26 &g &0.60. We also
believe to have observed Davydov splittings of some
Raman modes.
II. CRYSTAL SYMMETRY AND GROUP-THEORY
CONSIDERATIONS
The basic structure of GaSe is the hexagonal unit
layer with point-group symmetry D» and two for-
mula units per unit cell. Each layer is composed
of single planes of Se atoms on either side of a
double plane of Ga atoms. In the e structure each
unit cell contains two layers stacked as indicated
in Figs. 1(a) and 1(b) corresponding to space group
D', „(P6m2). We interpret our results in terms of
this politype, since it seems now well estab-
lished'4'~ that this is the relevant stacking for
Bridgman-grown samples. There are 24 normal
modes at the zone center which can be described by
the irreducible representations of the point group D».'
~l + ~ll + 4EI +4EII
Subtracting the acoustic A,"+E' modes and the
3A," infrared-active-only modes we are left with
11 distinct Raman-active modes 4A,'+4E"+3E'.
The E' modes are simultaneously Raman and in-
frared active. The modes occur in conjugate pairs
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Ga Se
r =18A+18B. (2)
Ga Te
Equation (2} can be derived in a straightforward
manner using the correlation method" on the unit
cell described above. Subtracting the A+2B acous-
tic modes we are left with 17A+ 16Boptic modes
which are simultaneously infrared and Raman ac-
tive. Since C, is a subgroup of D» many of the
modes in GaTe can be related to GaSe modes.
Using the compatibility relations" between D» and
C, we obtain the correspondence:
A,'-A, E'- A+ B,
C
) ~ Ga OSe (b)
A2' - B, E"-A + B.
Thus, we expect that out of the 33 optic modes of
GaTe 21 will be related in some way to the corre-
sponding GaSe modes. In addition 12 new modes
should appear due to the expansion of the unit cell
in the direction of the layers. GaTe contains two
layers per unit cell and again layer-layer interac-
tion is much weaker than interaction within layers,
as evidenced by its easy cleavage along layers.
Hence, one can expect here also the modes to occur
in conjugate pairs degenerate or almost degenerate
with both layers vibrating in or out of phase. It
follows from our previous reasoning that there
~ Ga QTe
FIG. i. (a) Structure of e GaSe; (b) comparison of
layer shape and stacking in e GaSe and in GaTe; (c)
structure of GaTe.
TABLE I. Optical phonons in e-GaSe. Optical activity
is indicated as follows: R, Raman; ir, infrared. The
number 2 preceding some modes indicates the existence
of two conjugated modes of this type attributed to the
same frequency.
Mode co (cm i) Activity Source
with both layers vibrating in or out of phase. One
of the E' modes and one of the A'2' modes (those
which appear at lower frequencies) are conjugate
with acoustic modes. Thus; one should observe
six distinct peaks in the Raman spectrum corre-
sponding to E', (2E'), 2(2E"), and 2(2A,'). The E'
modes could be further split into LO and TO com-
ponents by electrostatic forces. A summary of the
assignment of phonon modes in GaSe from Raman
and infrared experiments, ' """is given in Table
I.
GaTe is also a layered compound sharing some
of the characteristics of GaSe. It is monoclinic" "
with space group C,'(P2, }. The proposed unit
cell~' contains two layers, each with three for-
mula units, and can be seen in Fig. 1(c}. A com-
parison of layer shape and stacking between GaSe
and GaTe can be seen in Fig. 1(b}. The factor
group here is C„' hence, the 36 vibrational modes
are described by the two representations of this
group (A and B) in the following manner:
2
2A',
2E»
2E'(TO)
2E'(LO)
2A2 (TO)
2A;(LO)
2A1
21
19.5
21
36.7
61
60.1
60
136
134.4
134
212
211.9
211
215
215
252
252.1
250
236
247
309
308
309
R+ ir
R
R+ ir
Our
Ref.
Ref.
Ref.
Our
Ref.
Ref.
Our
Ref.
Ref.
Our
Ref.
Ref.
Our
Ref.
Our
Ref.
Ref.
Ref.
Ref.
Our
Ref.
Ref.
experiment
6
7
15
experiment
6
7
experiment
6
7
experiment
6
7
experiment
6
experiment
6
7
16
8
experiment
6
7
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should be three low-frequency optic modes (one
A and two 8) conjugate with acoustic modes, plus
eight pairs of A modes and seven pairs of 8 modes.
This leaves a total of 18 distinct peaks in the first-
order Raman spectrum, of which 12 could be re-
lated with GaSe optic phonons. In addition each
peak could be further split into a TO and LO com-
ponent by electrostatic splitting. The mixed crys-
tals GaSe, Te, could exhibit either GaSe-type
spectra or GaTe-type spectra or a mixture of both
depending on composition. To our knowledge no
structure studies were made in these crystals and
we shall attempt to draw conclusions concerning
the dependence of crystal structure on composition
from a comparative study of the Raman spectrum
of the mixed crystals and the two pure end products.
L-
V)z
LLI
z
H
ne
III. EXPERIMENTAL PROCEDURE
Room-temperature spectra of GaSe, GaTe, and
GaSe, „Te„were taken in the backscattering con-
figuration with both incident and scattered radia-
tion propagating perpendicular to the layers. The
crystals were otherwise unoriented. As a light
0
source, the 5145-A line of an argon-ion laser was
used. The scattered light was analyzed by a SPEX
double monochromator with standard photomulti-
plier plus electrometer detection. Although inci-
dent light was linearly polarized, no analyzer was
used. In the GaSe samples, additional measure-
mentg were performed on oriented samples to
check, using selection rules, the assignments of
Table I. In particular, configurations X(Y, Z)X
and X(Y, Y)X were used to separate the E" mode
at 212 cm ' from the Z'(TO) mode at 215 cm '.
Instrumental width in all cases is 2 cm '.
Single crystals of GaSe, GaTe, and GaSe, „Te,
were grown by the Bridgman-Stockbarger technique
in sealed quartz ampoules. The starting material
consisted of pure Ga, Te, and Se(99.999%). Sam-
ples for Raman scattering were in the form of
small platelets, cleaved from larger ingots. The
molar fraction of the mixed crystals was checked
using electron. microprobe techniques. " Samples
with x =0.05, 0.15, 0.20, 0.26, 0.60, 0.70, 0.82,
and 0.91 were used in our studies. In the com-
position range 0.26 &x &0.6 it was very difficult to
grow single crystals. The samples obtained by
starting with initial compositions in this range
proved, upon analysis with electron microprobe,
to have a molar fraction x~ 0.60.
IV. RESULTS AND DISCUSSION
Typical Raman spectra of GaSe, GaTe, and
GaSe, „Te, are shown in Fig. 2. We observe that
all spectra for x &0.26 look alike and show the
same peaks with the same intensity relations as in
360 320 280 240 200 l60 l20 80 40
co(cm ')
FIG. 2. Typical room-temperature spectra of
GaSe& „Te~ 0 &x & 1. All spectra were taken in the back-
scattering configuration with incident and scattered light
propagating perpendicular to the layers.
pure GaSe. On the other hand for x & 0.60 spectra
are radically different from the previous ones.
However, for this concentration range, spectra
are very similar to one another and also to the
spectrum of pure GaTe. Thus, there seems to be
an abrupt change in the optical-phonon branches
in the concentration region 0.26& g& 0.60. For
x ~0.26 spectra are GaSe-like and for x & 0.60 they
are GaTe-like. In each of the two well-defined con-
centration regions peak intensities remainun-
altered as concentration varies, with exception of
features at 143 and 112 cm ' in the g ~ 0.60 region.
These two peaks are almost absent from the low-x
region and their intensity increases as Te concen-
tration increases, becoming very strong in pure
GaTe. These two peaks therefore exhibit two-mode
behavior, while all others, on both sides of the
composition range, show one-mode behavior. ""
The frequencies of the zone-center phonons in
GaSe, ,Te for 0 c x & 1 are presented in Fig. 3. We
observe that, while some modes have a continuous
frequency variation throughout the composition
range, others change discontinuously in the range
0.26& x&0.60. This behavior suggeststhat an abrupt
phase transition from hexagonal (x ~0.26)
to monoclinic (x& 0.6) occurs in this region. The
16 SPLITTINGS AND CORRELATIONS BETWEEN THE. . . 1651
GC} Sel „Te,
320—
I
~ I
300
280—
260—
240—
'I 220—
& 2000
I 180—
OL 160—
Y
tat 140,— Al
E'(TO)
A 8=
A
120—
100—
80-
60"
0.20 0.40 0.60 0.80
FIG. 3. Phonon frequencies of GaSe& ~Te~ vs molar
fraction x, 0 ~ x ~ i.
results of comparing the spectra for different con-
centrations in the GaSe, „Te„mixed crystals shall
be used in several ways: (i) To identify the dif-
ferent phonon modes appearing in the pure GaTe
spectrum by relating them to the well-known modes
of GaSe. Such a procedure has proven most suc-
cessful in previous studies of GaSe, P,.""(ii}
To discover possible splittings between conjugate
modes. (iii) As we saw above, studying the spec-
tra of the mixed crystals through the composition
range can yield information on how and where the
D,'„-C', phase transition occurs. (iv) Also the one
or two-mode behavior" of the modes in the solid
solutions is analyzed and compared with previous
work on alloys of other layered materials'"~
A. Phonon-branch splittings and symmetries
As we discussed in Sec. II, a relation can be
found between the zone-center optic modes in the
D,'„(GaSe) and the C,'(GaTe) structures. From the
experimental data of Figs. 2 and 3 we now try to
establish the correspondences of Eq. (3). The A,'
mode at 136 cm ' in GaSe suffers little change in
GaSe, ,Te, for the whole composition range. Its
energy varies continuously as a function of x, al-
though it broadens to more than twice its original
width for x~ 0.6 (See Fig. 2). This peak also ap-
pears in QaTe and its energy falls on the same
straight line as all the others. Hence we identify
this peak as an A mode (polarized along the C, ax-
is) in which the atoms vibrate in similar fashion
as they do in GaSe for the A,'(136 cm ') mode. "
Having thus established the symmetry of one mode,
that of the others was determined by rotating the
polarization of the incoming beam, which is per-
pendicular to the layers, and measuring the inten-
sity of each peak relative to this line. Those peaks
whose relative intensity remain approximately con-
stant can be construed to be A modes. Those whose
intensity relative to this mode (-132 cm ' in GaTe)
show a marked variation upon rotation can be la-
belled as Bmodes. The labelling shown in Fig. 3 was
accomplished in this fashicm. The higher-energy A,
mode inGaSe (309cm ') varies continuously, de-
creasing its frequency, in the composition range 0 &z
& 0.26. As we pass to the next concentration, s =0.6,
a discontinuous jump towards lower energy occurs,
and from thereon (0.6 & x & 1.0) its energy continues
to decrease slowly as the crystals become richer
in tellurium. The symmetry of this mode in the
composition range 0.6 + g + 1.0 was determined by
the above-described method and found to be A.
Hence it is safe to presume that this mode evolves
continuously from A,' (309 cm ') in GaSe to A(272
cm ') in GaTe. The discontinuous jump between
0.26&x&0.60 is evidence for the abrupt change of
structure (hexagonal- monoclinic} occurring be-
tween these two concentrations.
The doubly degenerate E' and E"peaks in GaSe
should split into A+ B doublets when changing to
the monoclinic structure. The lower energy E'(20
cm ') of GaSe cannot be observed in any of the
mixed crystals nor in pure GaTe. This is attri-
buted to the fact that, due to the chosen geometry
and the decrease in surface regularity of samples,
the amount of Rayleigh-scattered radiation made
detection of signals below 40 cm ' very difficult.
Since the peaks are expected to decrease in fre-
quency with increasing x it was not possible to fol-
low this mode. The E" mode of GaSe at 61 cm '
is seen to evolve continuously throughout the com-
position range into an A mode (60 cm '}of GaTe.
Simultaneously a B mode at somewhat lower ener-
gy (-47 cm ') appears as we cross into the mono-
clinic region. It seems safe to assume that the E"
line at 61 cm ' splits into a doublet A(60 cm ')
+ B(47 cm ') in GaTe.
In pure GaSe the higher-energy E"andE'(TO) modes
are almostaccidentally degenerate (see Table I), and
cannot be resolved in our spectra when scattering
geometry allows them to appear together. Using
special geometries (see Sec. III) we could separate
both peaks. Addition of even small amounts of Te
remove this accidental degeneracy, as can be seen
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Ga Se Ga Te
(R + i r ) E'(20 cm i)
( i r ) A"2 (56.7 cm i )
(R) 2 E" (60 cm-~ )
(R) 2A'i ((55 cm ' )
(R + i r ) 2E' (TO) (2(5 cm ')
(R) 2 E" (2(2 cm ')
( i r ) 2 Aq (TO) (236 cm ' )
( i r ) 2 A2 (LO) (247 cm-i )
(R + i r ) 2E" (LO) (252 cm ')
(R) 2 A'I (509)
(conjugate to acoustic)
B%
2B (47 cm ~)
2A (62,57 cm ')
2A ((52,128 cm ~ )
2A + 2B ((78,I69 cm ')
2A+28l--
2A (275 cm i)
l45 cm i Ag
New Peake
ll2 cm-~
FIG. 4. Compatibility diagram showing the relation-
ship between the phonon modes of Gase (D3&) and GaTe
(C2). For the former, the mode's optical activity is in-
dicated in parentheses: R (Raman), ir (infrared). In
GaTe all modes are simultaneously Raman and infrared
active. Peak position in cm ~ is also indicated in paren-
theses. The number two preceding some modes indicates
the existence of two conjugated modes of this type. The
asterisk after some of the GaTe modes designates peaks
that, although predicted by group theory, do not appear
in our spectra.
in Figs. 2 and 3 for the concentration range 0.15
~x «0.26. As we cross into the monoclinic struc-
ture only one A+ B doublet stands out clearly. This
is rather surprising since here we would expect
more peaks from the E"—A+ B, E' —A+ B and also
the A,"(ir only in GaSe) modes existing in this en-
ergy region (see Table I). We would, therefore,
expect a more complicated spectra with larger
number of peaks. Observation of Fig. 2 shows that
the A+ B doublet appears to be mounted on a broad-
er structure. The additional peaks, if very close
in energy, could provide this background. It is,
thus, not possible to relate this A+ B doublet with
either E"or E' modes GaSe lying in this region.
Finally, two new modes appear in the monoclinic
range, one in the 143-cm ' region and another in
the 112-cm ' region which are not visible in the
samples with small x, but increase in intensity as
samples grow richer in Te. These peaks do not
correspond to any of the Raman- or infrared-ac-
tive modes of GaSe and are thus considered to be
new peaks appearing due to the enlargement of the
unit cell. Since both peaks appear very close to
the strong A(132 cm ') peak, measuring their in-
tensity as polarization is rotated becomes very dif-
ficult and the assignment of A symmetry to the
143-cm ' peak can, at best, be regarded as tenta-
tive, whereas no assignment was possible for the
112-cm ' feature. The results of the above dis-
cussion are summarized in Fig. 4. The lower-en-
ergy peaks predicted in this figure could not be ob-
served due to previously mentioned experimental
difficulties. The additional structure expected in
the 160-200-cm ' region could be there, if un-
resolved. Of the six expected new structures
(3 A pairs and 3 B pairs) only two are observed,
one (probably) A mode at 143 cm ' and another peak
at 112 cm ' whose symmetry could not be ascer-
tained. Weak and broad structures are seen at 188
and 211 cm ' in the pure GaTe spectrum as well as
in some of the tellurium rich alloys. Since they are
very weak no positive identification of these fea-
tures was possible.
B. Conjugate modes
A striking feature of the spectrum in Fig. 2 is
that, as we cross into the monoclinic phase, the
peak at —133 cm ' (A,' in the D', „adnA in the C,
structures) goes from an average width of about
7 cm ' in the hexagonal structure to more than
double this width (16-cm ' average) in the mono-
clinic phase. This makes it look as if the A peak
splits into an unresolved doublet. Towards higher
Te concentration (x ~ 0.8 and pure GaTe) this dou-
blet can be barely resolved into two peaks, one at
132 cm ' and another at 128 cm '. Since peak width
and position of the unresolved doublet do not appear
to depend on polarization rotation we conclude that
both members of the doublet have the same symme-
try. A similar occurrence can be observed in the
62-cm 'A peak (see Fig. 5). It develops a shoulder
when crossing into the monoclinic phase; this
shoulder becomes better resolved as Te concentra-
tion increases splitting into two distinct peaks in
pure GaTe (see Fig. 5). Again the relative inten-
sity of both members of the doublet does not seem
to change when the polarization of the incident beam
is changed, thus indicating that they have the same
symmetry. These splittings could be due to two
causes: (a) splitting of conjugate modes due to
stronger interlayer interaction in the samples
richer in Te, or (b) splitting into TO —IO modes
due to Coulomb forces, since all modes are both
Raman and infrared active in the monoclinic phase.
The reasons for rejecting the second explanation
are:
(i) A modes are polarized along the C, axis which
is perpendicular to the layers. Hence no A(LO)
modes should be observed in the present geometry
where propagation vectors are perpendicular to the
C, axis (see Fig. I).
(ii) Even if small misalignment made the A(LO)
modes weakly allowed we would expect the LO com-
ponent of the doublet to have much smaller inten-
sity and the intensity relation of the LO —TO dou-
blet to vary strongly upon rotation of incident po-
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X= I.O
X=0.8
and bop =32 cm ' from the 62- and 132-cm ' lines,
respectively. These are in fairly good agreement
with the assumption that in GaSe the E' mode at
20 cm ' is conjugate with an acoustic mode, ' thus
yielding b, & —-20 cm '. %e thus conclude that we
have observed Davydov splittings which become
more pronounced as Te concentration increases.
Although Polian et al."report to have seen a weak
satellite structure in the neighborhood of the 60-
cm ' peak of GaSe, no evidence of this was found
by the authors or is to be found elsewhere in the
literature. "~
I-
V)z
LLI
z
H X= 0.7
= 0.6
70 60 50 ~0
co{em ~)
FIG. 5. Enlarged portion of the Raman spectra of
GaSe&~Te» for 0.6 &x & i.0 showing the splitting of the
-60-cm ' line as Te concentration increases.
(o„[(o'.+ (d(u)'P~', (4)
where &0 is the frequency for vibration within the
layers and b, w represents layer-layer coupling.
Using the expression above we obtain 6~=25 cm '
larization, contrary to our experimental results.
(iii} GaSe has more ionic character than GaTe.
Hence we would expect the splittings between TO
and LO modes to decrease with increasing Te con-
centration, while the contrary is observed to hap-
pen for the modes in question.
(iv) As in GaSe, we could expect the higher-en-
ergy phonons to have a greater TO- LO splitting
than the lower-energy ones. However the low-en-
ergy 62 cm ' fully resolves into two peaks, the 132
cm ' is just barely resolved, and no higher-energy
peak is seen to split. The experimental data is
fully consistent with conjugate mode splitting. In
this case no change in intensity relations upon po-
larization rotation is expected, the splittings
should be larger for lower energy peaks since the
frequency of the pair is approximately given by'
C. Alloy behavior
In solid solutions two types of behavior of the
phonon bands have been reported. ""One-mode
behavior describes a situation inwhich zone-center
optic-mode frequencies vary continuously with con-
centration from a frequency characteristic of that
of one end member to that of the other. In two-
mode behavior, for each allowed optic mode two
bands are observed with frequencies in the vicinity
of the pure compounds. Here the intensity of each
line decreases as the alloy moves further away
from the end compound generating the peak. More
recent work" suggest the existence of four types
of behavior' . two-mode behavior, mixed one-and-
two-mode behavior and two modifications of one-
mode behavior. The criteria developed to predict
how a given alloy will behave" ~' apply mostly to
cubic crystals, and none of these criteria fully
explains all available data on solid solutions. For
our rather complex system such simple rules could
hardly be expected to apply. Although almost all
peaks show concentration-independent intensities,
thus seeming to rule out two-mode behavior for
all but iwo peaks (143and 112cm ' in the monoclinic
phase}, the frequency of some modes does change
discontinuously. %e attribute that, however, to a
structural phase transition from 9,', to C', rather
than to a two-mode behavior of the alloys. In sup-
port of this we can quote: (i) discontinuous change
in Raman spectrum at 0.26&x &0.60, while in the
region g &0.26 the spectrum is identical to that of
GaSe and in the range x ~ 0.60 spectra are the same
as those of pure GaTe. (ii) Appearance of split-
tings in 132- and 62-cm ' modes abruptly in the
same concentration region. (iii} Discontinuity of
energy in the A, (309 cm ') peak in the same con-
centration range.
%e feel that the relevant fact indicating an abrupt
change of structures in the 0.26& x& 0.60 concen-
tration range is that all these changes occur si-
multaneously and no gradual change is observed
between these two concentrations. Also, the dif-
ficulty of growing single crystals in this range,
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coupled with the fact that when growth is achieved
the real concentration has changed to x & 0.60 (see
Sec. III) supports our belief. It thus appears that
the mixed crystals can only exist in the hexagonal
phase for x c0.26 and in the monoclinic phase for
x ~ 0.60. Intermediate ranges would make both
structures equally probable, but single-crystals
growth does not occur here. X-ray studies should
serve to put these conclusions on firmer ground.
V. CONCLUSIONS
The main conclusions of this work are as follows:
(a) We are able to identify most of the structure in
the yet unstudied GaTe spectrum by following the
evolution of different peaks in GaSe, ,Te„alloys
throughout the composition range. (b) Davydov
splittings that become more pronounced as Te con-
centration increases are reported. From these
splittings an estimate of layer-layer interactions
is made. (c) A phase transition from the D,'„ to the
C', structure is observed in a definite concentra-
tion range. (d) All modes but two appear to ex-
hibit one mode behavior in the mixed crystals.
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